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Human cytomegalovirus (HCMV) establishes persistent lifelong infections and replicates slowly. To with-
stand robust immunity, HCMV utilizes numerous immune evasion strategies. The HCMV gene cassette
encoding US2 to US11 encodes four homologous glycoproteins, US2, US3, US6, and US11, that inhibit the
major histocompatibility complex class I (MHC-I) antigen presentation pathway, probably inhibiting recog-
nition by CD8� T lymphocytes. US2 also inhibits the MHC-II antigen presentation pathway, causing degra-
dation of human leukocyte antigen (HLA)-DR-� and -DM-� and preventing recognition by CD4� T cells. We
investigated the effects of seven of the US2 to US11 glycoproteins on the MHC-II pathway. Each of the
glycoproteins was expressed by using replication-defective adenovirus vectors. In addition to US2, US3 inhib-
ited recognition of antigen by CD4� T cells by a novel mechanism. US3 bound to class II �/� complexes in the
endoplasmic reticulum (ER), reducing their association with Ii. Class II molecules moved normally from the
ER to the Golgi apparatus in US3-expressing cells but were not sorted efficiently to the class II loading
compartment. As a consequence, formation of peptide-loaded class II complexes was reduced. We concluded
that US3 and US2 can collaborate to inhibit class II-mediated presentation of endogenous HCMV antigens to
CD4� T cells, allowing virus-infected cells to resist recognition by CD4� T cells.

Human cytomegalovirus (HCMV) is ubiquitous and nor-
mally causes relatively benign clinical manifestations (6).
HCMV infections are lifelong and are characterized by low-
level persistence, latency, and bouts of reactivation. However,
HCMV causes serious disease in immunosuppressed or immu-
nocompromised individuals, e.g., patients undergoing trans-
plant-related therapy or patients with AIDS (54). HCMV in-
fection can cause neurologic sequelae, including hearing loss
and mental retardation, and organ failure in young children
(54, 56). HCMV infects many cell types, including epithelial
cells, fibroblasts, endothelial cells, glial cells, and monocytes/
macrophages. Infection of epithelial cells of the upper respi-
ratory tract, salivary gland, and kidney allows excretion and
spread to other hosts (54), while infection of monocytes/mac-
rophages provides a site for virus latency (53) and a means for
dissemination throughout the body.

HCMV replicates slowly, often at low levels, without causing
rapid cell destruction. The virus escapes vigorous host defenses
by establishing a latent state in which gene expression is highly
restricted. However, following reactivation from latency, the
virus replicates in the face of fully primed cell-mediated im-
munity. Nevertheless, the virus often persists in the body for
long periods of time, with an astonishing ability to withstand
the strong anti-HCMV immune response. Apparently, HCMV

uses a variety of immune evasion tactics to allow virus repli-
cation in certain cell types and at defined times in the virus life
cycle (reviewed in references 15, 28, 30, and 60). Among these
are a panel of inhibitors that apparently reduce recognition by
T lymphocytes and NK cells. HCMV expresses four glycopro-
teins, all encoded by homologous genes in the US2-to-US11
gene region of the viral genome, that can independently inhibit
various steps in the major histocompatibility complex class I
(MHC-I) antigen presentation pathway. US2 and US11 cause
retrotranslocation of class I proteins from the endoplasmic
reticulum (ER) and proteasome-mediated degradation (33, 62,
63). US3 causes retention of class I proteins in the ER, al-
though US3 itself apparently dissociates from MHC-I and
moves through the Golgi apparatus in time (2, 19, 20, 32). US6
binds the transporter associated with antigen presentation
(TAP) in the ER (3, 25, 37) and allosterically affects the cyto-
solic ATPase activity of TAP (26, 34) so that peptides are not
available to assemble class I molecules. The HCMV tegument
protein pp65 reduces presentation of viral protein pp72 to
CD8� T cells (18). Additionally, HCMV encodes two mem-
brane glycoproteins, UL16 and UL18, that mediate resistance
to NK cells (10, 47).

We recently described a novel form of immune evasion:
inhibition of the MHC-II antigen presentation pathway by
HCMV US2 (58). Cells expressing US2 are less able to present
antigens via the class II pathway to CD4� T lymphocytes.
CD4� T cells normally recognize antigens presented by “pro-
fessional” antigen-presenting cells (APCs), macrophages, den-
dritic cells, and B cells, that take up extracellular viral proteins
by phagocytosis or endocytosis and process the proteins to
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antigenic peptides in endosomal compartments. MHC-II �/�
heterodimers assemble with invariant chain (Ii) in the ER
(reviewed in reference 42). Nonameric complexes of class II
�/�/Ii are targeted to the MHC-II loading compartment
(MIIC) by signals present in the N terminus of Ii (35, 39).
During this transport to the MIIC, Ii is partially degraded, and,
in the MIIC, a fragment of Ii is exchanged for antigenic pep-
tides that bind the peptide-binding groove of �/�. This process
of peptide loading is facilitated by the enzyme human leuko-
cyte antigen DM (HLA-DM or DM). US2 causes rapid retro-
translocation of class II proteins DR-� and DM-� from the
ER, followed by proteasome-mediated degradation, so that
there are few newly synthesized class II proteins to present (7a,
58).

Since US2 is expressed exclusively within HCMV-infected
cells, it appears that US2 is designed to block class II-mediated
presentation of endogenous or intracellular HCMV antigens
rather than exogenous or extracellular antigens (28). This in-
hibition of the class II pathway may allow HCMV to escape
detection by CD4� T cells, which can act cytolytically or pro-
duce antiviral cytokines and coordinate anti-HCMV immune
responses. This may be especially important given that HCMV
infects numerous cell types that express MHC-II, including
monocytes/macrophages, glial cells, dendritic cells, endothelial
cells, and epithelial cells. However, it is by no means clear
where this immune evasion is important, which cells exhibit
inhibition of class II presentation, when this occurs in the
HCMV life cycle, or how comprehensively HCMV escapes
detection by CD4� T cells in any cell. Given the high levels of
class II in several professional APCs, such as macrophages and
dendritic cells, coupled with relatively poor virus gene expres-
sion in these cells, at least in vitro, it is unlikely that US2 can
inhibit the class II pathway in these cells. Indeed, there was a
recent report claiming that US2 does not cause degradation of
class II proteins in dendritic cells (45). However, since US2
also did not cause any discernible degradation of the already-
unstable class I proteins expressed in these dendritic cells, no
general conclusions about the relative effects of class I versus
class II are valid. In other cell types, e.g., endothelial or epi-
thelial cells, where lower levels of class II and higher levels of
US2 may be produced, inhibition of the class II pathway is
likely to be more robust. Arguments about whether US2 or
other HCMV US2 to US11 glycoproteins are or are not effec-
tive in particular cell types in vivo miss two salient points: (i)
these viral proteins have the capacity to act at several levels
and in combination in HCMV-infected cells to mediate a spec-
trum of immune evasion, and (ii) individual US2 to US11
genes that have more-subtle effects will be maintained even for
the slightest selective advantage in a certain important host
cell.

We have suggested that inhibition of the MHC-II pathway
may be particularly important for HCMV and other herpesvi-
ruses because large amounts of viral proteins accumulate in the
trans-Golgi network (TGN) as part of virion assembly (16, 29,
49, 59). This would be expected to deliver relatively large
quantities of viral antigens to endosomes and the MIIC. Re-
duction in class II proteins or inhibition of intracellular trans-
port reduces presentation of HCMV antigens to CD4� T cells.
It appears that US2’s effects occur relatively early after infec-
tion (58) and are combined with other effects that reduce

gamma interferon (IFN-�)-induced upregulation of class II
genes (38, 40).

Here, we expressed seven of the HCMV US2 to US11 gly-
coproteins by using adenovirus (Ad) vectors and analyzed the
effects of these viral glycoproteins on MHC-II antigen presen-
tation to CD4� T cells. As expected, US2 blocked antigen
recognition by CD4� T cells. Glycoprotein US3 also blocked
antigen presentation to CD4� T cells. US3 bound newly syn-
thesized class II heterodimers and reduced their association
with Ii. Loss of Ii apparently caused class II complexes to be
inefficiently sorted to MIIC, leading to reduced loading of
antigenic peptides onto class II. This finding underscores the
potential negative effects of class II-mediated presentation of
endogenous viral antigens on survival of HCMV and illustrates
a second mechanism by which the virus evades recognition by
CD4� T cells.

MATERIALS AND METHODS

Cells. U373-CIITAHis16 (His16) (58) and U373-CIITANeo6 (Neo6) cells,
which express MHC-II proteins, were derived by transfecting human glial U373
cells with the human class II transactivator (CIITA) gene and pSV2His or
pSV2Neo and grown in media containing 0.5 mM Histidinol (Sigma, St. Louis,
Mo.) or 200 �g of G-418 sulfate (GIBCO, Grand Island, N.Y.)/ml, respectively.
Neo6 cells express approximately 50% of the amount of class II expressed by
His16 cells. 293 cells that express Ad E1 genes were propagated in Dulbecco’s
modified Eagle medium supplemented with 10% fetal bovine serum. TbH9, a
CD4� T-cell clone specific for the Mycobacterium tuberculosis antigen Mtb39
(14), was maintained and expanded by using anti-CD3 antibodies as described
previously (58).

Viruses. An Ad vector expressing US2, AdtetUS2, has been described (58).
Other replication-defective (E1�) Ad vectors expressing HCMV US3 (this pa-
per) and US7, US8, US9, US10, and US11 (27) were similarly constructed. For
expression of these glycoproteins, His16 and Neo6 cells were coinfected with
these US2- to US11-expressing Ad vectors and a second vector, Adtet-trans (by
using 20% of the amount of AdtetUS virus), which expresses a transactivator
protein that activates the tet promoter without the need for tetracycline.
Throughout this study, Adtet-trans alone was used as the control Ad vector at a
dose similar to the total amount of Ad in each case. All Ad vectors were
propagated and titered on 293 cells as described previously (41).

Antibodies. Rabbit antisera to class I heavy chain (HC) (4) and HLA-DR
(CHAMP) (55) and monoclonal antibodies (MAbs) to HLA-DR-� (DA6.147)
(22), -DR-� (HB10A) (8), -DR-�/� (L243) (36), -DM-� (5C1) (50), -DM-�
(MaP.DMB/C) (13), and Ii (PIN.1) (48) have been described. Antibodies to
calnexin, calreticulin, p115, GM130 (Transduction Laboratories, Lexington,
Ky.), protein disulfide isomerase (PDI; StressGen, Vancouver, British Columbia,
Canada), TGN46 (Serotec, Raleigh, N.C.), and lysosome-associated membrane
protein 1 (LAMP-1) (Pharmingen, San Diego, Calif.) were purchased from
commercial sources. Rabbit antisera to US2, US7, US8, US9, and US10 are
described elsewhere (27, 58). Rabbit antiserum to N-terminal peptides of US3
(RLADSVPRPLDVVVSEIRSC) was generated by immunizing rabbits with
peptides coupled to keyhole limpet hemocyanin or bovine serum albumin (BSA)
according to standard protocols (24). Rabbit antiserum to US11 (31) was ob-
tained from Thomas Jones, Wyeth-Ayerst Research, Pearl River, N.Y. The
secondary antibodies for immunofluorescence were Alexa 488-conjugated don-
key anti-sheep and goat anti-mouse immunoglobulin G (IgG), Alexa 594-conju-
gated goat anti-rabbit IgG (Molecular Probes, Eugene, Oreg.), and Cy5-conju-
gated goat anti-rat IgG (Jackson ImmunoResearch Laboratories, Bar Harbor,
Maine).

Labeling of cells with [35S]methionine-cysteine and immunoprecipitation of
proteins. His16 and Neo6 cells were radiolabeled after 18 to 24 h of infection
with recombinant Ad vectors. The cells were incubated for 1 h in starvation
medium lacking methionine and cysteine, washed, and then labeled for various
time periods in starvation medium supplemented with [35S]methionine-cysteine
(50 to 200 �Ci/ml; Amersham Pharmacia Biotech, Piscataway, N.J.). To chase
the label, cells were incubated in medium containing a 10-fold excess of methi-
onine and cysteine. Cell extracts were made with NP-40–deoxycholate (DOC)
lysis buffer (50 mM Tris-HCl [pH 7.5], 100 mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 1 mg of BSA/ml, and a cocktail of protease inhibitors). Proteins of
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interest were immunoprecipitated from the cell extracts as described previously
(58). Endoglycosidase H (endo H) analyses were carried out with enzyme prep-
arations and protocols supplied by New England Biolabs (Boston, Mass.). Se-
quential immunoprecipitations were performed by lysing labeled cells in Tris-
saline (50 mM Tris-HCl [pH 7.5], 100 mM NaCl) containing 1% digitonin
(Calbiochem, San Diego, Calif.) and protease inhibitors (58). Material precipi-
tated in the first round was denatured by boiling in 100 �l of Tris-saline con-
taining 1% sodium dodecyl sulfate (SDS) and then diluted 10-fold with Tris-
saline containing 1% Triton X-100. The samples were incubated with a
secondary antibody and then with protein A-agarose (GIBCO), the beads were
washed, and the bound proteins were eluted by boiling in Laemmli loading
buffer. In each case, protein samples were subjected to polyacrylamide gel elec-
trophoresis using 12% polyacrylamide gels, and the gels were fixed and incubated
with Enlightning (New England Nuclear, Beverly, Mass.), dried, and then ex-
posed to X-ray film or PhosphorImager screens (Molecular Dynamics, Sunny-
vale, Calif.).

SDS stability assays. The protocol for SDS stability assays was adapted from
that previously described (17). Briefly, cells were radiolabeled with [35S]methi-
onine-cysteine for 1 h, and the label was chased for 3 to 9 h. Cells were lysed with
a solution containing 25 mM Tris, pH 7.5, 150 mM NaCl, 1% polidocanol
(Sigma), 7.5 mM iodoacetamide (Sigma), 1 mg of BSA/ml, and protease inhib-
itors. HLA-DR was immunoprecipitated with MAb HB10A and protein A-aga-
rose beads, and the beads were washed in Tris-saline containing 0.1% polidoca-
nol, 7.5 mM iodoacetamide, and 1 mM phenylmethylsulfonyl fluoride and then
incubated for 30 min at room temperature in 100 mM Tris-HCl, pH 6.8, con-
taining 20% glycerol, 2% SDS, and 0.05% bromophenol blue before electro-
phoresis.

Subcellular fractionation and Western blotting. Cells were fractionated, sep-
arating denser lysosomes, endosomes, and the MIIC from other cytosolic mem-
brane fractions, by using Percoll gradients as described previously (21, 23).
Briefly, cells were washed twice with phosphate-buffered saline (PBS) containing
1 mM CaCl2 and 1 mM MgCl2, suspended in 10 mM Tris, pH 7.5–1.5 mM MgCl2,
and incubated for 8 min on ice. The cells were subjected to Dounce homogeni-
zation, nuclei were pelleted at 1,500 � g, and membranes were separated by
using Percoll gradients centrifuged for 1 h in an SW41 rotor at 17,500 rpm, as
described previously (23). Fractions were collected from the top, and the mem-
branes were characterized for the presence of radiolabeled class II proteins by
immunoprecipitation, as described in the previous section. For Western blotting,
samples were solubilized in SDS loading buffer and subjected to electrophoresis,
proteins were transferred onto Immobilon-P (Millipore, Bedford, Mass.) mem-
branes, and the membranes were blocked with 3% BSA–1% fish gelatin–1%
polyvinylpyrrolidone in PBS. The membranes were incubated with antibodies
specific for LAMP-1, PDI, p115, DM-�, or DR-�, the blots were washed and
incubated with horseradish peroxidase-conjugated secondary antibodies, and the
proteins were visualized by using Renaissance Western blot chemiluminescent
reagent (New England Nuclear, Boston, Mass.).

Confocal immunofluorescence microscopy. Cells were seeded into eight-well
Labtek (Nalge/Nunc, Rochester, N.Y.) dishes. After 18 to 24 h of infection with
Ad vectors, the cells were washed, fixed in PBS–4% paraformaldehyde, washed,
and permeabilized with PBS–0.2% Triton X-100 for 30 min. The cells were
washed and blocked with PBS–0.02% Tween 20-2% goat serum–1% fish gelatin
for 1 h. Cells were incubated with primary antibodies for 2 h, washed, incubated
with secondary antibodies for 2 h, mounted by using Prolong Antifade (Molec-
ular Probes), and visualized on a Bio-Rad (Hercules, Calif.) 1024 ES laser
scanning confocal system attached to a Nikon Eclipse TE300 fluorescence mi-
croscope.

Flow cytometry. His16 cells were infected with Adtet-trans (120 PFU/cell) or
AdtetUS2 and Adtet-trans (100 and 20 PFU/cell, respectively) for 18 h. Infected
cells were removed from plastic dishes by trypsinization and washed in fluores-
cence-activated cell sorter (FACS) buffer (PBS containing 1% fetal bovine se-
rum–0.05% sodium azide). The cells were suspended in duplicate 96-well U-
bottom microtiter plates and incubated with 50 �l of a 1:1,000 dilution of the
anti-class II antibody L243 for 1 h at 4°C. The cells were pelleted in the plates,
washed three times with FACS buffer, and stained with fluorescein isothiocya-
nate-conjugated goat anti-mouse antibodies for 40 min at 4°C. The cells were
washed three times with FACS buffer and analyzed by using a FACSCalibur flow
cytometer (Becton Dickinson, Mountain View, Calif.).

CD4� T-cell assays. CD4� T-cell assays were performed as described previ-
ously (58). Briefly, 104 His16 or Neo6 cells were plated in 96-well flat-bottom
microtiter plates and infected with Ad vectors expressing US2 to US11 for 18 h
or left uninfected. The infected cells were then incubated for 18 to 24 h with 2
mg of M. tuberculosis antigen/ml–Mtb39 (Corixa, Seattle, Wash.) and simulta-
neously with 1 � 104 to 2 � 104 Mtb39-specific TbH9 CD4� T cells (14).

Secretion of IFN-� by the T cells was detected by a sandwich enzyme-linked
immunosorbent assay (ELISA) using anti-IFN-� antibodies and the DuoSet
ELISA development system (R & D Systems, Minneapolis, Minn.).

RESULTS

Effects of HCMV glycoproteins US2 to US11 on the MHC-II
antigen presentation pathway. Expression of US2, US3, US6,
or US11 in HeLa cells has been shown to cause reduced cell
surface class I expression (3). However, the effects of these
HCMV glycoproteins on recognition by CD8� and CD4� T
cells have not been characterized. Given that HCMV expresses
at least four inhibitors of the MHC-I pathway, as well as at
least one inhibitor of the class II pathway, we wondered if there
might be other inhibitors of the MHC-II pathway. Previous
identification of US2 and the initial observations on degrada-
tion of class II proteins involved infection of U373 cells with
wild-type HCMV and an HCMV mutant lacking US2 and US3
(58). However, in these experiments, it was frequently difficult
to efficiently infect U373 cells with HCMV; although cells were
incubated three times consecutively with undiluted virus
stocks, often a fraction of these cells remained uninfected or
expressed low levels of viral proteins. Thus, it was difficult to
study the biochemical effects of glycoproteins US2 to US11 on
class II by using U373 cells infected with HCMV. Macro-
phages, dendritic cells, and endothelial cells, which can express
class II, are less efficiently infected by HCMV grown in fibro-
blasts (53), and there are no HCMV strains carrying US2 to
US11 mutants that are better able to infect these cells. More-
over, the combined low-level expression of HCMV genes and
high-level expression of class II genes in cultured macrophages
and dendritic cells make it difficult or impossible to observe
more-subtle effects of HCMV on class II proteins. Thus, for
the characterization of proteins US2 to US11 biochemically
and for inhibition of T-cell recognition, we used replication-
defective Ad vectors that do not express significant amounts of
Ad proteins and that allow expression of an individual HCMV
glycoprotein in a variety of cells (7a, 58). We used U373 cells,
glial cells that express relatively high levels of MHC-II proteins
after IFN-� treatment or transfection with CIITA, a transac-
tivator of class II genes (58). Note that U373 cells express low
levels of class II proteins naturally and present antigens to
CD4� T cells without IFN-� or CIITA, albeit less efficiently
than after CIITA activation (58). HCMV infects glial cells in
vivo (64), and these cells should be considered relevant. To
study the biochemical aspects of the class II pathway, we pre-
viously constructed His16 cells and stably transfected CIITA-
expressing U373 cells, which express relatively high levels of
class II proteins and more efficiently present exogenous (58) as
well as endogenous (C. Dunn, D. Lewinsohn, and D. C. John-
son, unpublished data) antigens to CD4� T-cell clones.

Replication-defective (E1�) Ad vectors expressing US2,
US3, US7, US8, US9, US10, and US11 were constructed as
described previously (7a, 27, 58). These Ad vectors do not
express substantial adenoviral proteins or cause cytopathic ef-
fect in cells (41) and can be used to deliver HCMV proteins
into a variety of cells at various levels of expression. Moreover,
these vectors avoid the problems of overexpressing potentially
toxic ER-retained glycoproteins in cells and the compensation
that occurs in such transfected cells. The US2, US3, US7, US9,
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US10, and US11 genes were coupled to a promoter that can be
induced by coinfection of cells with a second Ad vector, Adtet-
trans, in the absence of tetracycline (7a, 58). AdCMV8 con-
tains a constitutively active HCMV promoter (27). His16 cells
were infected with the Ad vectors, the cells were radiolabeled,
and each of the glycoproteins was immunoprecipitated with
rabbit antipeptide antibodies (Fig. 1). In each case, a protein of
the predicted size was detected. Modification of all of these
glycoproteins with N-linked oligosaccharides was verified in
other experiments (27). As previously described, the US2 gly-
coprotein appeared as glycosylated and nonglycosylated spe-
cies (7a, 58, 63). Similarly, there were two protein bands with
US10. In cells infected with AdtetUS3 only the larger, 22- to
23-kDa form of the two alternatively spliced forms of US3 (2,
32) was observed by using antibodies specific to the N terminus
of US3.

To determine whether expression of any of the individual
US2 to US11 glycoproteins affected the class II pathway, we
tested antigen presentation to CD4� T cells as described pre-
viously (58). His16 cells were infected with various doses of the
Ad vectors and incubated simultaneously with the Mtb39 pro-
tein. The cells were then incubated with CD4� T-cell clone
TbH9, which secretes IFN-� in response to Mtb39 antigen
derived by the endocytosis and processing of the Mtb39 protein
in His16 cells (58). As expected, US2 effectively inhibited rec-
ognition of Mtb39 by TbH9 T cells in a dose-dependent man-
ner (Fig. 2). Expression of US7, US8, US9, US10, or US11
(Fig. 2A) or combinations of these glycoproteins (not shown)
did not substantially alter class II antigen presentation. How-
ever, US3 inhibited presentation of antigen by His16 cells to
CD4� T cells (Fig. 2). The effect of US3 was reproducibly less

than that of US2 at a given dose. At the highest dose used here,
the inhibition was 80% for US3 and 95% for US2 (Fig. 2B).
US3 also effectively inhibited presentation of Mtb39 antigen in
another U373-derived CIITA transfectant, Neo6, which ex-
presses lower levels of class II (not shown). Moreover, US2
and US3 inhibited presentation of HCMV glycoprotein B (gB)
to gB-specific CD4� T cells (C. Dunn, D. Lewinsohn, and
D. C. Johnson, unpublished results). We concluded that, like
US2, US3 can effectively inhibit MHC-II-restricted antigen
presentation to CD4� T cells. In other experiments, US2, US3,
and US11, but not US7, US8, US9, or US10, inhibited recog-
nition of cells by CD8� T-cell clones (results not shown).

US3 does not affect the synthesis, stability, or Golgi trans-
port of MHC-II proteins. US3 causes the MHC-I HC to re-
main for a longer period in the ER, but US3 moves slowly to
the Golgi apparatus before being degraded (2, 19, 20, 32).
Effects of US3 on expression, stability, and intracellular trans-
port of HLA-DR-� and -DR-� and Ii were measured by la-
beling the proteins in a pulse-chase format and treating immu-
noprecipitated proteins with endo H, which removes N-linked
oligosaccharides from immature glycoproteins resident in the

FIG. 1. Expression of HCMV glycoproteins US2 to US11 by Ad
vectors. Replication-defective (E1�) Ad viruses carrying the US2,
US3, US7, US8, US9, US10, and US11 genes were constructed. His16
cells were coinfected for 18 h with each of these Ad vectors and
Adtet-trans where appropriate at 100 and 20 PFU/cell, respectively.
The infected cells were labeled with [35S]methionine-cysteine for 1 h,
and each of the respective glycoproteins US2 to US11 were immuno-
precipitated with rabbit polyclonal antibodies before electrophoresis
and autoradiography. Molecular masses of marker proteins are indi-
cated at the right. FIG. 2. Inhibition of antigen presentation to CD4� T cells. His16

cells were infected with Ad vectors expressing various US2 to US11
glycoproteins and Adtet-trans at 50 and 10, 100 and 20, or 150 and 30
PFU/cell, respectively, for 18 h. Infected cells were incubated with the
Mtb39 antigen and Mtb39-specific TbH9 CD4� T cells for an addi-
tional 18 h. IFN-� produced by the T cells was measured by ELISA.
The amounts of IFN-� were normalized to that produced by T cells
incubated with antigen-exposed His16 cells infected with Adtet-trans.
(A) Experiment in which US2, US3, US7, US8, US9, US10, and US11
were compared; (B) experiment involving US2 and US3. In both ex-
periments, IFN-� production is in arbitrary units based on a value of
100 obtained when CD4� T cells were mixed with His16 cells infected
with 150 PFU of the control Ad vector, Adtet-trans/cell.
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ER but not from mature glycoproteins in the Golgi apparatus.
In His16 cells, DR-� largely attained endo H resistance after a
6-h chase, whether or not US3 was expressed (Fig. 3A). As-
sembly and transport of class II proteins to the Golgi apparatus

is generally slow compared with those of most other glycopro-
teins. DR-� attained partial endo H resistance, and again this
was unaffected by US3 expression (Fig. 3A). Similarly, Ii at-
tained partial endo H resistance, and US3 did not affect this.
By contrast, the movement of class I HC was markedly reduced
by US3 expression. In uninfected cells, HC was largely endo H
resistant after a 1-h chase period, while in US3-expressing cells
most of the HC remained endo H sensitive (Fig. 3C). After a
2-h chase, the majority of class I HC was endo H resistant in
control cells, whereas over one-half of the HC in US3-express-
ing cells was still endo H sensitive. Neither class I nor class II
proteins were lost in US3-expressing cells. Western blot anal-
yses indicated that the total levels of DR-� were not affected,
even at the highest levels of US3 expressed in these cells, for
24 h (not shown and see below). Therefore, US3 expression
does not obviously affect the synthesis of class II proteins, their
stability, or transport to the Golgi apparatus.

Since class II antigen presentation was inhibited by US3, it
was possible that US3 affected HLA-DM, which is required for
efficient loading of peptide antigens. As expected from previ-
ous results (58), pulse-chase experiments on His16 cells
showed that US2 caused loss of expression of DM-�, and there
was little or no effect on DM-� (Fig. 3D, middle). By contrast,
in cells expressing US3 both DM-� and DM-� were expressed
normally and without any effect on endo H resistance (Fig. 3D,
bottom). Note that DM-� showed a shift in electrophoretic
mobility without acquiring endo H resistance in chase samples,
as has been observed previously (13), and this processing was
not affected by US3. The DM-� chain, which is complexed with
DM-�, largely attained endo H resistance in cells infected with
either AdUS3 or the control Adtet-trans. Steady-state levels of
DM, measured by Western blotting, were not affected by US3
expression (not shown). Therefore, US3 does not obviously
affect the synthesis of DM or its transport to the Golgi appa-
ratus.

US3 binds to newly synthesized class II �/� heterodimers in
the ER and reduces the assembly of Ii onto class II complexes.
US3 binds to MHC-I protein complexes in the ER, causing ER
retention or retrieval (2, 19, 32). We examined whether US3
interacted with class II proteins by immunoprecipitating class
II complexes with anti-DR-� antibody DA6.147. Protein com-
plexes were denatured and reprecipitated with anti-US3 or
anti-class II antibodies. When cells were labeled for 30 min,
US3 was present in material immunoprecipitated with
DA6.147 but not with a control MAb (Fig. 4A). US3 was also
observed with class II complexes after a 60-min chase, suggest-
ing that this was a relatively stable interaction. As expected,
US3 was found associated with MHC-I complexes (HC) in
both the pulse and chase samples (Fig. 4B). Anti-US3 poly-
clonal antibodies did not precipitate class I and class II pro-
teins well, possibly because anti-US3 antibodies displaced
MHC proteins or because the fraction of US3 that contains
class I and II proteins is relatively low. Therefore, we con-
cluded that US3 binds to class II complexes shortly after syn-
thesis in the ER and remains stably associated.

Given that US3 binds to class II �/� complexes early after
their synthesis, it was reasonable that this might affect the
association of the �/� dimer with Ii in the ER. Sequential
immunoprecipitation experiments, in which material precipi-
tated first with DA6.147 was denatured and reprecipitated for

FIG. 3. Effects of US3 on class I and class II synthesis and matu-
ration. His16 cells were left uninfected (UN; A to C) or were infected
with AdtetUS3 and Adtet-trans at 100 and 20 or 200 and 40 (A and C)
or 150 and 30 PFU/cell (B), respectively, for 18 h. Infected cells were
labeled with [35S]methionine-cysteine in a pulse-chase format. DR-�
and DR-� (A), Ii (B), and MHC-I HC (C) were immunoprecipitated
from cell extracts with MAb DA6.147, HB10A, and PIN.1, and rabbit
anti-HC serum, respectively. (D) His16 cells were infected with Adtet-
trans alone at 120 PFU/cell, AdtetUS2 and Adtet-trans at 100 and 20
PFU/cell, respectively, or AdtetUS3 and Adtet-trans at 100 and 20
PFU/cell, respectively. The cells were labeled for 12 min, the label was
chased for 120 min, and then DM-� and DM-� were immunoprecipi-
tated with MAbs 5C1 and MaP.DMB/C, respectively. For endo H
treatment, precipitated proteins were divided in half and treated with
endo H (�) or not treated (�). The proteins were subjected to SDS-
polyacrylamide gel electrophoresis and visualized by autoradiography.
r, endo H-resistant species of DM; s, endo H-susceptible species of DM.
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Ii or US3, were performed. In control cells, Ii was readily
detected in association with �/� after a 30-min pulse, the
amount increasing over the 120-min chase period (Fig. 4C). In
US3-expressing cells, there was three- to fourfold less Ii asso-
ciated with class II complexes, in both the pulse and chase
samples. Note that the synthesis and maturation of Ii itself
were not altered when US3 was present (Fig. 3B). Ii is intensely
labeled metabolically, as it contains relatively more methionine
and cysteine residues than DR-� or DR-�. We concluded that
�/�/Ii complexes were formed in US3-expressing cells but that
smaller quantities of �/� were assembled with Ii. To ask
whether US3 was associated with the �/�/Ii complexes, immu-
noprecipitations were performed for US3, DR-�, and Ii on
material initially precipitated with anti-Ii or anti-DR-� anti-

bodies. US3 was detected in complexes precipitated with anti-
DR-�, but not with anti-Ii (Fig. 4D). This experiment also
served as a specificity control, as anti-Ii MAb PIN.1 precipi-
tated DR-� but not US3. Unfortunately, since our anti-US3
antibodies did not coprecipitate class I or II proteins well, it
was impossible to determine if Ii was present in US3 com-
plexes. However, it was clear that US3 reduces the assembly of
Ii onto DR-�/� heterodimers and that �/�/Ii complexes have
little or no US3.

Subcellular localization of US3 and class II proteins in
US3-expressing cells. To determine where US3 and class II
proteins were localized in cells expressing US3, we used con-
focal microscopy. Previous studies involving HeLa cells ex-
pressing class I and not class II proteins indicated that US3 was
largely found in the ER, with some evidence for movement to
the Golgi apparatus and degradation in lysosomes (19). In
His16 cells that also express class II proteins, little or no US3
colocalized with ER markers PDI (Fig. 5A) or calnexin or
calreticulin (not shown). US3 colocalized extensively with
Golgi markers p115 (Fig. 5B) and GM130 (not shown), as well
as the TGN marker TGN46 (Fig. 5C). By contrast, US3 was
not found in lysosomes stained for LAMP-1 (Fig. 5D), which is
also found in the MIIC (7).

In control cells (infected with Adtet-trans), MHC-II proteins
were found in the Golgi apparatus colocalizing with p115 (Fig.
6A), in the TGN (not shown), and in lysosomes colocalizing
with LAMP-1 (Fig. 6B), with lesser amounts on the cell surface
(Fig. 6B). In AdtetUS3-infected cells, class II was also found in
the Golgi apparatus (Fig. 6C), TGN (not shown), and lyso-
somes (Fig. 6D). A fraction of class II colocalized with US3 in
the Golgi (Fig. 6C). Note that colocalization of all three pro-
teins produces a white image. Again there was no evidence of
US3 in lysosomes (Fig. 5D). In some of the US3-expressing
cells, especially those that expressed high levels of US3, class II
proteins were present in small nonperinuclear vesicles distrib-
uted uniformly throughout the cytoplasm (Fig. 6C). No differ-
ences in DM localization in US3-expressing versus control cells
were observed (not shown). To compare the cell surface dis-
tributions of class II proteins, FACS analyses were performed.
The mean fluorescence intensities for cells infected with Adtet-
trans, AdtetUS3, and AdtetUS2 were 503, 292, and 258, re-
spectively (Fig. 7). However, in other experiments there was
less-apparent or no differences in the amounts of class II on the
surfaces of cells expressing US2 or US3. Therefore, the steady-
state levels of surface class II are altered only very slightly in
some experiments, and not at all in other experiments, by
expression of either US2 or US3.

The confocal microscopy and FACS results suggested that
US3 expression produced little or no change in surface class II
levels. By confocal microscopy, some cells expressing high lev-
els of US3 displayed redistribution of class II proteins into
cytoplasmic vesicles that did not stain with antilysosomal anti-
bodies, but in other cells class II was found in lysosomal com-
partments. It is important that there are long-lived and sub-
stantial pools of intracellular class II proteins in these cells,
proteins which do not reach the cell surface for over 12 h after
synthesis. The delivery of US3 in these cells was transient;
significant expression of US3 began 8 to 12 h after infection
with AdtetUS3, and the effects of US3 on class II proteins were
measured 18 to 24 h postinfection. Thus, pools of intracellular

FIG. 4. US3 binds HLA-DR and inhibits association of Ii with the
�/� heterodimer. His16 cells were infected with 120 PFU of Adtet-
trans/cell or 100 and 20 PFU of AdtetUS3 and Adtet-trans/cell, re-
spectively. After 18 h, the cells were labeled in a pulse (30 min)-chase
(60 [A and B] and 120 min [C]) format. Digitonin cell extracts were
subjected to primary immunoprecipitation, followed by denaturation
in SDS and reprecipitation. (A) Primary precipitation with a control
mouse MAb or anti-DR-� MAb (DA6.147) followed by secondary
precipitation with rabbit anti-US3 or anti-DR-�. (B) Primary and
secondary precipitations with rabbit antisera to MHC-I HC and US3.
(C) Primary precipitation with anti-DR-� antibody DA6.147 followed
by secondary precipitation of US3 with rabbit antiserum or Ii with
MAb PIN.1. (D) Primary precipitation of DR-� with MAb DA6.147 or
of Ii with PIN.1 followed by secondary precipitation of US3, DR-�,
DR-�, and Ii with rabbit antisera to US3 or MAbs DA6.147, HB10A,
and PIN.1, respectively.
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FIG. 5. US3 localizes to the Golgi apparatus. His16 cells were infected with 150 and 30 PFU of AdtetUS3 and Adtet-trans/cell, respectively.
After 18 h, the cells were fixed and permeabilized and incubated simultaneously with rabbit antibodies to US3 (red) and mouse antibodies to
cellular markers (green) PDI (A), p115 (B), TGN46 (C), or LAMP-1 (D). Primary antibodies were visualized with secondary fluorescent antibodies
by using a laser scanning confocal microscope.
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and cell surface class II present before US3 expression were
apparently less dramatically affected by US3. Under similar
circumstances of US3 expression, presentation of antigens to
CD4� T cells was reduced by three- to fivefold (Fig. 2). Class
II-mediated presentation of antigens largely or exclusively in-
volves newly synthesized class II proteins (1, 12). Therefore, it
appeared likely that US3 delivered by using Ad vectors af-
fected newly synthesized MHC-II proteins, reducing associa-
tion with Ii without affecting the substantial pool of preexisting
class II proteins.

US3 inhibits loading of peptides onto class II proteins and

movement to lysosomes. To examine the effects of US3, as well
as other US2 to US11 glycoproteins, on the loading of anti-
genic peptides onto class II dimers, SDS stability assays were
performed. Class II �/� dimers bound by peptide antigens are
relatively stable in 1 to 2% SDS, and these �/� dimers can be
observed on SDS-polyacrylamide gels (17). His16 or Neo6 cells
expressing US2 to US11 glycoproteins were radiolabeled for 60
min, the label was chased for 3 or 9 h, and then class II
complexes were immunoprecipitated and incubated in 2% SDS
at room temperature. As expected, US2 expression caused
rapid loss of expression of class II complexes (Fig. 8A). Gly-

FIG. 6. Effects of US3 on intracellular pools of class II proteins. Neo6 cells were infected with Adtet-trans alone (180 PFU/cell; A and B) or
with AdtetUS3 and Adtet-trans (150 and 30 PFU/cell, respectively; C and D). After 18 h, the cells were fixed and permeabilized and incubated
simultaneously with rabbit antibodies to class II (red) and mouse antibodies to cellular markers (green) p115 (A and C) and LAMP-1 (B and D),
as well as rat antibodies to US3 (blue; C and D). The intracellular proteins were visualized as in Fig. 5.
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coproteins US7, US8, US9, US10, and US11 did not substan-
tially affect the SDS stability of �/� complexes (Fig. 8A and B).
By contrast, US3 reduced the amounts of SDS-stable �/�
dimers by approximately threefold in His16 cells (Fig. 8A and
B). In Neo6 cells, which express lower levels of class II proteins
than His16 cells, the inhibition by US3 of SDS-stable dimers
was as much as ninefold (Fig. 8C). Therefore, US3 expression
reduces the loading of peptides onto class II complexes.

To further characterize the effects of US3, especially con-
centrating on class II proteins synthesized after substantial
US3 expression, cell fractionation was performed. Percoll gra-
dients have been used to separate dense lysosomal fractions,
including the MIIC, from other cytoplasmic membranes (21,
23). Western blotting was used to measure the distribution of
cellular markers and the steady-state levels of class II proteins.
The lysosomal marker LAMP-1 accumulated predominantly in
the densest fractions, 15 and 16, at the bottom of these gradi-
ents, whereas the ER marker PDI was found near the top in
fractions 1 to 3 (Fig. 9A, top). Other cellular markers for the
Golgi apparatus and the plasma membrane were similarly at
the top of the gradient, in fractions 1 to 4 (not shown). DR-�,
detected by Western blotting, was found distributed more ran-
domly across the gradient, with higher concentrations in frac-
tions 1 to 3 and substantial amounts in the lysosomal fractions
15 and 16 (Fig. 9A). There were no significant differences in
the steady-state levels or distribution of DR-� in AdtetUS3-
infected cells (US3) compared with cells infected with control
Ad vector Adtet-trans. Similarly, US3 did not alter the distri-
bution of any of the cellular markers including LAMP-1 (not
shown).

Notwithstanding these results, it was reasonable that US3

might affect transport of newly synthesized class II proteins to
the MIIC. As discussed above, the newly synthesized class II
molecules make up only a relatively small fraction of the total
class II in the cytoplasm of these cells, as assembly and trans-
port are slow. To test this hypothesis, infected Neo6 cells were
radiolabeled, the label was chased for 8 h, and the cells were
fractionated as described above. In this experiment, US3-ex-
pressing cells displayed a 3.8-fold reduction in the levels of
class II DR-� and -� in fractions 15 and 16, compared with
control cells (Fig. 9B). There was a reproducible reduction in
class II complexes in fractions 15 and 16 in five separate ex-
periments. However, there was not an obvious increase in class
II proteins found in other fractions, probably because the sum
of class II present in other fractions, e.g., 1 to 9, far exceeded
that present in fractions 15 and 16 and there was often a
modest (1.2-fold) increase in fractions 1 to 9. Thus the increase
in class II in fractions 1 to 9 would not be expected to be
threefold. We note that Western blots (Fig. 9A) and pulse-
chase experiments (Fig. 3A) did not indicate alterations in the
total levels of class II proteins or their stability. Therefore, we
concluded that US3 can reduce accumulation of newly synthe-
sized class II molecules in lysosomal compartments, where
loading of class II with peptides occurs. This result can largely
explain the observed three- to fivefold reductions in loading of

FIG. 7. Effects of US3 on cell surface class II molecules. His16 cells
were infected with Adtet-trans alone (120 PFU/cell) or with AdtetUS3
and Adtet-trans (100 and 20 PFU/cell, respectively) for 18 h. Class II
molecules on the surfaces of infected cells were stained by incubating
suspended cells with L243 and then with fluorescein isothiocyanate-
conjugated goat anti-mouse IgG. The results were assessed by flow
cytometry. The designation of the histograms are as follows: shaded,
secondary antibody control; dotted line, Adtet-trans-infected cells; thin
line, AdtetUS2-infected cells; thick line, AdtetUS3-infected cells.

FIG. 8. US3 inhibits formation of SDS-stable class II complexes.
His16 (A and B) and Neo6 (C) cells were left uninfected or were
coinfected with Ad vectors expressing various US2 to US11 glycopro-
teins and Adtet-trans at 100 and 20 PFU/cell, respectively (A and B) or
the indicated amounts of virus (C). After 18 (A and B) or 30 h (C), the
cells were labeled in a pulse (60 min; P)-chase (3 or 9 h) format. Class
II complexes were immunoprecipitated from cell extracts with MAb
HB10A, incubated with 2% SDS at room temperature for 30 min, and
subjected to electrophoresis. (A) Visualization of DR-�/� complexes
in His16 cells after the pulse or a 3- or 9-h chase. (B) Quantification of
DR-�/� complexes in His16 cells after a 9-h chase period (from panel
A). (C) Quantification of DR-�/� complexes in Neo6 cells infected
with AdtetUS3 or AdtetUS9, following a 9-h chase period (in a sepa-
rate experiment).
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peptides onto class II complexes (Fig. 8), as well as in presen-
tation to CD4� T cells (Fig. 2).

DISCUSSION

Our results demonstrate that US3 inhibits the MHC-II path-
way, reducing presentation to CD4� T lymphocytes and alter-
ing the intracellular events involved in loading peptides onto
class II proteins. US3’s effects on class II proteins can be added
to a growing list of effects of glycoproteins US2 to US11 (re-
viewed in references 28, 30, and 60). US2 to US11 are all
retained in the ER or Golgi apparatus and do not reach the
cell surface (27). Collectively, these viral proteins can be
viewed as proteins that bind classical as well as nonclassical (5,
57) MHC molecules, causing their destruction, retention, or
mislocalization in cells. However, the consequences of the
binding of any one of these glycoproteins to individual MHC
substrates can differ dramatically. For example, US2 causes
class I proteins to be translocated into the cytoplasm before
being degraded (63), whereas class II DR-� remains mem-
brane bound until degraded (58). We have recently produced
mutant forms of US2 that show preference for class II versus

class I proteins or vice versa (7a). Similarly, US3 binds to both
MHC-I and -II proteins, but the results are strikingly different.

US3 binds to class I proteins early after their synthesis in the
ER, causing retention or slowed onward movement to the
Golgi apparatus (2, 19, 32). In transfected HeLa cells, US3
localizes largely to the ER but partially colocalizes with the
Golgi marker COP1 and may be transported eventually to
lysosomes before being rapidly degraded (32). Retention of
class I required continued expression of US3, implying a tran-
sient interaction and a continuous exchange between US3 and
class I molecules (32). It was interesting that little US3 accu-
mulated in the ER in our His16 cells, which express both class
I and class II proteins. Perhaps, a more substantial fraction of
US3 in these cells moves to the Golgi apparatus in complex
with class II proteins. Alternatively, US3 may alter class I or
class II without remaining bound to the MHC proteins, as has
been described for human herpesvirus-8 K3 and K5 proteins
(9).

The effects of US3 on MHC-II proteins were quite different
from those on class I. In contrast to its effects on class I, US3
altered the assembly of class II complexes by binding class II
proteins before or during assembly of �/� complexes in the
ER. This binding was relatively stable, as US3 was observed in
association with class II complexes during subsequent chase
periods, although there may also be exchange of US3 mole-
cules onto class II complexes. The amount of Ii associated with
the class II �/� heterodimers was reduced by three- to fourfold.
We could not detect US3 in �/�/Ii complexes. Thus, it appears
that US3 binds to class II complexes, preventing the binding of
Ii. Ii acts as a chaperone in the ER, preventing illegitimate
peptide loading and promoting final maturation, folding, and
assembly of class II complexes (11). Thus, class II complexes
lacking Ii and containing US3 may be misfolded and assembled
in a different fashion from the nonameric �/�/Ii complexes that
normally leave the ER. However, US3 may substitute for Ii in
certain aspects of class II folding.

Ii contains sequences that affect the sorting of class II �/�/Ii
complexes from the Golgi apparatus to acidic peptide loading
compartments, the MIICs (35, 39). �/� complexes expressed in
the absence of Ii accumulate predominantly in the ER and
Golgi apparatus, but a substantial fraction of these molecules
reach the cell surface without peptides (39, 51, 52). In His16
cells expressing US3, all of the class II proteins acquired endo
H-resistant oligosaccharides normally. Thus, class II �/� het-
erodimers with bound US3 and without Ii reach the Golgi
apparatus without obvious delay. It is reasonable to suggest
that US3 can substitute for Ii in mediating transport as far as
the Golgi apparatus, although transport beyond the Golgi ap-
paratus to acidic loading compartments appears to be altered.

Cell fractionation experiments demonstrated that labeled
class II complexes comprising newly synthesized class II pro-
teins, as opposed to pre-existing class II proteins, were less able
to accumulate in dense lysosomal compartments. Associated
with reduced traffic to lysosomes, there was three- to ninefold-
reduced loading of antigenic peptides onto class II dimers, as
measured by SDS stability. This reduced peptide loading can
entirely explain the inhibition of antigen presentation in US3-
expressing cells. Obvious effects on the synthesis, maturation,
or stability of DM that could account for reduced peptide
loading were not observed. Therefore, it appears that class II

FIG. 9. US3 reduces accumulation of DR-�/� complexes in lyso-
somal compartments. (A) Uninfected Neo6 cells were fractionated
with Percoll gradients, and fractions were subjected to electrophoresis
and Western blotting for LAMP-1, PDI, and DR-�. For DR-�, cells
were infected either with 120 PFU of Adtet-trans/cell alone (DR/trans)
or with 100 and 20 PFU of AdtetUS3 and Adtet-trans (DR/US3)/cell,
respectively, before fractionation and Western blotting. (B) Neo6 cells
were infected with 120 PFU of Adtet-trans/cell alone (trans) or with
100 and 20 PFU of AdtetUS3 and Adtet-trans (US3)/cell, respectively,
for 18 h. Infected cells were radiolabeled for 1 h, and the label was
chased for 8 h. The cells were fractionated with Percoll gradients, and
the fractions were collected from the top and numbered 1 to 16. The
membrane fractions were solubilized in NP-40–DOC lysis buffer, and
DR proteins were immunoprecipitated with MAb DA6.147. The sam-
ples were subjected to electrophoresis and phosphorimager analysis.
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complexes with US3 bound and lacking Ii were mislocalized
and directed to other post-Golgi compartments, so that they
did not reach the MIIC. US3/class II complexes lack Ii and its
signals for sorting to lysosomes/MIIC. It is possible that the
absence of these lysosomal targeting signals largely explains
the missorting of class II complexes. Alternatively, US3 may
possess motifs that sort class II complexes to post-Golgi com-
partments other than lysosomes/MIIC.

The exact nature of the aberrant intracellular transport of
class II proteins in US3-expressing cells was difficult to inves-
tigate for two reasons. First, substantial intracellular and cell
surface pools of class II proteins preexisted expression of US3.
Cell surface class II is long lived, persisting for over 24 h in
some cells (12), and there are often large pools of intracellular
class II (Fig. 6). Thus, class II molecules synthesized after US3
was expressed at abundant levels in these cells (12 h after Ad
infection) were superimposed on a relatively large background
of preexisting class II. Therefore, our confocal and FACS anal-
yses could not consistently discriminate between class II mol-
ecules that were affected by US3 and those that preexisted US3
expression. Longer periods of expression of US3 proved coun-
terproductive because of cytotoxicity. Second, the observed
effects of US3 were often more subtle than those of US2. US3
at the highest doses affected only about 70 to 80% of the class
II proteins.

One could argue that US3-transfected cells might be more
useful to characterize its effects on the class II pathway. How-
ever, US2 and US3 are normally expressed by HCMV, a virus
that expresses these glycoproteins transiently at early stages of
infection. In this sense, cells infected with Ad vectors more
accurately reflect the situation in vivo, compared with stably
transfected cell lines, where long-term expression can have
pleiotropic effects. In HCMV-infected cells, newly synthesized
proteins likely succumb to the effects of both US2 and US3, but
class II proteins produced before infection would not be af-
fected. US3 is expressed as an immediate-early gene product,
while US2 is expressed somewhat later as an early protein (32).
US2 and US3 may act temporally to downregulate class II, or
there may be additive or synergistic effects in HCMV-infected
cells.

Why does HCMV inhibit both class I and class II antigen
presentation, by using US2 and US3, and transcription of class
II genes (38, 40) by using unknown genes? The class II pathway
normally allows professional APCs to present extracellular
proteins to CD4� T cells. These APCs would not be subject to
the effects of glycoproteins US2 to US11 unless the APCs were
themselves infected. HCMV is known to infect a variety of cell
types that can express MHC-II proteins, either constitutively or
after cytokine stimulation, including monocytes/macrophages
and dendritic, endothelial, glial, and epithelial cells (54). In
these cells, inhibition of class II presentation would allow virus-
infected cells to escape detection by CD4� T cells that can act
as cytotoxic cells or to produce antiviral cytokines and coordi-
nate antiviral immune responses. Consistent with this, the pro-
posed assembly of HCMV in the TGN or acidic compartments
(16, 29, 49, 59) would provide a plentiful source of viral struc-
tural proteins targeted to these compartments for presentation
by class II proteins. Therefore, it makes ample sense that
HCMV, a virus that grows slowly and that persists for long

periods, would benefit by inhibiting class II-restricted endoge-
nous antigen presentation.

The important question about which cells might be affected
by US2 and US3 in vivo has been difficult to address in vitro.
HCMV replicates poorly in most cultured cells other than
normal human fibroblasts and expresses viral genes weakly or
not at all in cultured cells that express class II. Monocytes/
macrophages are an important cell type in vivo, but only a
fraction of these cells cultured in vitro can be infected with
laboratory-adapted strains of HCMV (53). Moreover, the ex-
pression of many classes of viral genes is often low in those
macrophages that are infected. Clinical HCMV strains or vi-
ruses passaged in endothelial cell cultures can infect mono-
cytes/macrophages and dendritic cells better (44, 46), but there
are no strains with mutant US2 and US3 at present. Down-
modulation of class II molecules has been observed with den-
dritic cells (46), although this may be due to multiple mecha-
nisms. Given the high levels of class II proteins expressed in
professional APCs such as dendritic cells and macrophages, it
appears highly unlikely that HCMV US2 and US3 could dam-
age the class II pathway in these cells either in vitro or in vivo.
It is conceivable that US2 and US3 may more effectively dam-
age the class II pathway in endothelial and epithelial cells in
vivo since these cells express lower levels of class II than mac-
rophages or dendritic cells. However, again, HCMV infection
of these cells cultured in vitro is inefficient. Those that call for
studies of the effects of US2 and US3 in biologically relevant
cells by using HCMV infection should recognize the difficulties
of working with HCMV in cultured cells, especially cells that
express class II. The use of Ad vectors has distinct advantages
compared to transfected cells (62, 63); because US2 or US3 are
delivered over a relatively shorter period, as during HCMV
infection, cells do not adapt to the toxic effects of accumulated
ER proteins and the levels of the viral proteins can be readily
adjusted in a variety of cell types.

For these reasons, we chose to study the effects of US2 and
US3 in U373 glial cells transfected with CIITA by using Ad
vectors. U373 cells naturally and constitutively express class II
proteins at relatively low levels and, without induction of class
II, can present exogenous antigens to CD4� T cells (58). Class
II is upregulated after treatment with IFN-� or transfection
with CIITA (58). Glial cells are quite relevant for studies of the
effects of US2 and US3, especially because HCMV infects glial
cells in the nervous system and the retina (43, 61, 64). HCMV
is a leading cause of congenital birth defects, and this often
involves infection in the central nervous system leading to
brain damage and hearing loss (6). A recent publication (45)
challenged the notion that US2 could affect MHC-II proteins
and suggested that there might be aberrant expression of class
II proteins in U373 cells stably transfected with CIITA, leading
to an unfolded-protein response. However, this appears un-
likely as class II proteins do not turn over rapidly, and US2
hastens the turnover of class II in these cells. Moreover, these
cells very efficiently present exogenous tuberculosis (TB) anti-
gens to TB-specific CD4� T cells (58) and can also efficiently
present endogenously expressed HCMV gB to gB-specific
CD4� T cells (C. Dunn, D. Lewinsohn, and D. C. Johnson,
unpublished results). In both cases, this MHC-II presentation
can be blocked by expression of either US2 or US3. This is
probably the best evidence that both US2 and US3 can effec-
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tively block the class II pathway. It appears that Rehm et al.
(45) were unable to observe the effects of US2 on MHC-II
proteins in dendritic cells because US2 expression was insuf-
ficient and there were high levels of MHC-I and -II proteins.
Testifying to this, they observed relatively rapid turnover of
class I in control dendritic cells, and US2 did not significantly
affect this (45). In our studies, US2 can cause extensive deg-
radation of class II-� in a variety of cell types and when US2 is
expressed by using Ad vectors or transfection (7, 57; N. Hegde
and D. C. Johnson, unpublished data). We find that US2 shows
a preference for class I over class II proteins; however this is
only about twofold. For now, the cells that are affected in vivo
by US2 and US3 remain unknown. However, it appears un-
likely that HCMV has evolved the capability to inhibit the
MHC-II pathway at two different steps entirely by chance.
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